Traffic-related air pollution and noise are associated with cardiovascular diseases, and alternation of heart rate variability (HRV), which reflects cardiac autonomic function, is one of the mechanisms. However, few studies considered the impacts of noise when exploring associations between air pollution and HRV. We explored whether noise modifies associations between short-term exposure to traffic-related air pollution and HRV in young healthy adults. In this randomized, crossover study, 40 young healthy adults stayed for 2 h in a traffic center and, on a separate occasion, in a park. Personal exposure to traffic-related air pollutants and noise were measured and ambulatory electrocardiogram was performed. Effects were estimated using mixed-effects regression models. Traffic-related air pollution and noise were both associated with HRV, and effects of air pollutants were amplified at high noise level (465.6 A-weighted decibels (dB[A])) compared with low noise level (r65.6 dB[A]). High frequency (HF) decreased by À 4.61% (95% confidence interval, À 6.75% to À 2.42%) per 10 mg/m 3 increment in fine particle (PM 2.5 ) at 5-min moving average, but effects became insignificant at low noise level (P40.05). Similar effects modification was observed for black carbon (BC) and carbon monoxide (CO). We conclude that noise is an important factor influencing the effects of air pollution on HRV.
INTRODUCTION
Traffic is one of the major sources of environmental pollution in mega cities. Epidemiological studies have provided strong evidence that long-term and short-term exposure to traffic are associated with the mortality and morbidity of cardiovascular diseases. [1] [2] [3] Mechanisms through which traffic exposure may influence the cardiovascular system were investigated widely, and the alternation of heart rate variability (HRV), which reflects cardiac autonomic function, is considered as one of the pathophysiological pathways. 4 The association between exposure to traffic-related air pollution and altered HRV has been well documented in previous studies. [5] [6] [7] Meanwhile, changed cardiac autonomic function is considered as one of the mechanisms through which traffic noise influences the cardiovascular system. 8, 9 Because air pollution and noise coexists in traffic environment, and they have similarity in health endpoints, it is possible that noise may interact with air pollution or it may be a confounding factor for the effects of traffic-related air pollution. 10 However, only a few studies have considered the influence of noise when exploring the effects of traffic-related air pollution, and the results have been inconsistent. 11, 12 Furthermore, although traffic-related air pollution and noise have been reported to be associated with altered HRV separately, it still remains unclear whether noise modifies the effects of traffic-related air pollution on HRV.
Beijing is a major metropolitan city with large population and high amount of vehicles. Exposure to traffic-related air pollution and noise in traffic centers where commuters transfer to different transportation modes has become a big health concern. We conducted a randomized, crossover study to test the hypothesis that short-term exposure to traffic-related air pollution would lead to altered cardiac autonomic function in young healthy adults, and these effects would be modified when noise is taken into consideration.
METHODS

Study Design
In this randomized, crossover study, each of the 40 young healthy volunteers aged between 19 to 32 years stayed for 2 h (1000 hours to 1200 hours) in a designated traffic center, or in an appointed park for 2 h (1000 hours to 1200 hours) in another exposure scenario. Exposure scenarios were randomly assigned to each volunteer with at least a week interval. Ambulatory electrocardiogram was conducted on each volunteer to collect HRV indices and personal exposure to air pollutants and noise were measured simultaneously. Volunteers were instructed to sit in a seat during the measurements to avoid the influence of activity on HRV. The designated traffic center is one of the biggest bus transfer centers in Beijing, where commuters transfer to bus from subway or airport express. Buses in the traffic center are all powered by diesel, most of the time, the buses are at idling status for commuters to get on and off. The traffic count is about 600 buses per hour. The park is traffic-free with an area of 1.7 hectare. The study was carried out from May 2011 to October 2011, to avoid sandstorm in spring, and rainy days were also avoided. diseases and other diseases. Height and weight were measured using the standard method and body mass index (BMI) was calculated. Volunteers were selected according to the following criteria: no history of smoking; no physician-diagnosed cardiovascular, pulmonary, neurological, endocrine diseases or other chronic diseases; no medication use that might affect heart rhythm; and non-obese. Sixty-five students responded to our recruitment advertisement, 40 of them met the criteria and were willing to participate after the study protocol had been explained. Informed consent was obtained from all subjects before the study began. The study was approved by the Institutional Review Board of Peking University Health Science Center.
HRV Monitoring
Ambulatory electrocardiogram monitoring was performed using a threechannel Holter recorder (model MGY-H7; DM Software, Stateline, NV, USA). Participants were hooked up to the Holter recorder by a trained medical technician. Each participant's skin was carefully cleaned with alcohol pads and electrodes were connected using V1 and V5 leads. Electrocardiogram recordings started approximately half an hour before the exposure began and continued throughout the exposure period. The trained medical technicians, blinded to the exposure levels, reviewed the ambulatory electrocardiogram tape during exposure session using the software for the Holter recorder (Holter System, version 12.net; DM Software). Abnormities and noise were excluded based on standard criteria. 13 Only normal-tonormal (NN) ratios between 0.8 and 1.2 were included for analysis of HRV. 
Exposure Measurements
Personal exposure to air pollutants and noise were measured continuously, and simultaneously with the ambulatory HRV monitoring. The specially designed backpack with monitoring equipments was placed beside the volunteers throughout the exposure period. We measured concentrations of three different traffic-related air pollutants, including PM 2.5 , black carbon (BC) and carbon monoxide (CO). These three parameters were chosen because traffic is an important source of PM 2.5 , whereas BC is an indicator of traffic-related particle pollution, 5, 14, 15 and CO is a gaseous pollutant primarily generated by traffic. 16 PM 2.5 concentrations were measured using a real-time portable aerosol monitor (Side-Pak, Model AM 510; TSI, Shoreview, MN, USA). BC concentrations were monitored by a portable, battery-powered micro-Aethalometer (microAeth Model AE51; Magee Scientific, Berkeley, CA, USA). Concentrations of CO were measured with a model T15n-enhanced CO instrument (Langan Products, San Francisco, CA, USA). Noise levels were monitored continuously using a personal noise exposure meter (Model AWA5610B; Aihua Instrument, Hangzhou, China), and recorded as equivalent A-weighted decibels (dBA). Meanwhile, realtime temperature (Temp) and relative humidity (RH) were recorded by the HOBO Pro V2 Temp/RH (Onset, Pocasset, MA, USA).
All logged data (PM 2.5 , BC, noise, CO, Temp and RH) were aggregated as 5-min averages synchronized with the 5-min HRV indices.
Statistical Analysis
We preliminarily calculated descriptive statistics across all 5-min segments for exposure variables and health outcome stratified by the location (the traffic center and the park). Wilcoxon test was used to compare the differences in exposure variables and health outcomes between the two study sites. The relationship between PM 2.5 , BC, CO, noise, and meteorological conditions during the exposure period were evaluated by Spearman correlations.
Because the HRV data were collected by repeated measurement, mixedeffects regression models were applied to investigate the relationship between exposure variables (PM 2.5 , BC, CO, noise) and changes in HRV. 17 Before statistical modeling, all HRV indices were log 10 -transformed to improve normality and stability due to the skewed distribution. The mixedeffects models included a random intercept for each subject to account for correlations in repeated measurements. The following covariates were chosen a priori for the analysis, including gender, age, BMI, hour of day, day of week, location, Temp and RH. Quadratic terms of Temp and RH were included along with their linear terms. 18 We assessed the effects of PM 2.5 , BC, CO, and noise, respectively, using the combined data.
To examine the cumulative effects of exposure variables on HRV, we used four different exposure metrics of 5-min, 15-min, 30-min and 1-h moving averages for PM 2.5 , BC, CO, and noise. Corresponding log 10 -transformed 5-min HRV indices were regressed on these exposure metrics.
According to statistical methods applied in investigation exploring interaction effects between air pollution and other factors, 19 we investigated air pollution effect modification by noise on each HRV index by adding multiplicative interaction term of air pollutants and noise. The noise levels were dichotomized by the median level (65.6 dBA) as a cut-off point. We compared the effects of air pollutants' at high noise level (465.6 dBA) with those at low noise level (r65.6 dBA). The statistical model for investigating air pollution-noise interactions was as follows:
Y it is the 5-min logarithm of HRV in subject i at time t, b 0 is the intercept, x 1 -x p are covariates measured simultaneously, including gender, age, BMI, hour of day, day of week, location, Temp and RH. b 1 is the coefficient that represents the main effects of the air pollutants, such as PM 2.5 , BC, and CO. b 2 is the coefficient that reflects the main effects of noise, and b 3 is the interaction coefficient of the air pollutants and noise, u i is the random intercept for subject i, and e it is the within-subject errors.
We combined the coefficients of the main effects and the interaction term to estimate the effects of air pollutants on HRV indices across high and low noise levels. The estimated modifying results were presented as estimated percent changes in each 5-min HRV index associated with per incremental change of each air pollutant as: [10 (b Â per increment) À 1] Â 100%, and the 95% confidence intervals (CIs) were calculated using the formula: {10
[per increment Â (b±1.96 Â s.e.)] À 1} Â 100%, where b and s.e. were the estimated regression coefficient and its s.e.
All statistical analyses were performed by SAS software for Windows (version 9.2; SAS Institute, Cary, NC, USA) and the level of significance was defined as Po0.05.
RESULTS
Descriptive Statistics
All of the 40 volunteers (17 males and 23 females) participated in the two exposure scenarios successfully and were included in the final analysis. The mean age of the volunteers was 24.4 years, ranging from 19 to 32 years. The average BMI of the volunteers was 20.9 kg/m 2 with range from 18.1 to 27.0 kg/m 2 . Table 1 shows the levels of exposure variables during the study period. The concentrations of air pollutants including PM 2.5 , BC, and CO were higher in the traffic center than in the park (Po0.05). Noise level was also higher in the traffic center than in the park (Po0.05). No statistical difference was found between the Temp levels in the traffic center and in the park (P40.05).
Levels of SDNN and HF in the traffic center were lower than those in the park (Po0.05), whereas LFHFR in the traffic center was markedly higher than that in the park (Po0.05). Index of pNN50 showed no discrepancy between the two sites (P40.05), so did the LF level (P40.05) ( Table 2 ).
Effects of Air Pollutants And Noise Assessed Separately Figure 1 shows per 10 mg/m 3 increment in PM 2.5 (5-min moving average) was associated with decline in pNN50 and HF, with decrease of À 2.46% (95% CI, À 3.40% to À 1.50%) and À 2.34% (95% CI, À 3.27% to À 1.40%), respectively. Meanwhile, LFHFR increased by 2.22% (95% CI, 1.33% to 3.11%). The lag effects of PM 2.5 exposure on HRV became attenuated. Exposure to BC was associated with changes in pNN50, HF, and LFHFR. In contrast to attenuated effects of PM 2.5 with time lag, the effects of BC were strongest at the 1-h moving average, with pNN50 and HF decreased by À 1.93% (95% CI, À 3.39% to À 0.45%), À 2.24% (95% CI, À 3.60% to À 0.86%), and LFHF increased by 2.88% (95% CI, 0.98-3.59%) per 1 mg/m 3 increment in BC. The relationship between CO exposure and HRV was similar to that of PM 2.5 with attenuated lag effects. Per 1 p.p.m. increment in CO (5-min moving average) was associated with reduction in pNN50 and HF and increase in LFHFR, with changes of À 1.27% (95% CI, À 1.91% to À 0.63%), À 1.38% (95% CI, À 2.01% to À 0.75%), and 1.09% (95% CI, 0.50% to 1.69%), respectively. The effects of CO were not as strong as those of PM 2.5 and BC, which indicated PM 2.5 and BC may be more influential factors in the adverse health effects related to traffic air pollution exposure. Associations were also observed between noise exposure and HRV. Decrease of pNN50 and HF and increase of LFHFR were associated with per 1 dBA increment in noise (15-min moving average), with changes of À 3.10% (95% CI, À 4.56% to À 1.62%), À 1.71% (95% CI, À 3.03% to À 0.36%), and 2.49% (95% CI, 1.14-3.85%), respectively.
Effects of Air Pollutants Modified By Noise
Potential effect modification of the association of air pollutants with HRV by noise was examined by categorizing the noise into two levels using its median value as the cut point (465.6 dB[A] and r65.6 dB[A]). The interaction term of the air pollutants and noise in the equation was significant, which indicated there were interactions between air pollutants and noise and this was further confirmed by the remained significance of the interaction term even if noise was not dichotomized (Po0.05). As Figure 2 shows, stronger effects of air pollutants on cardiac autonomic function were observed at high noise level. While per 10 mg/m 3 increment in PM 2.5 (5-min moving average) at high noise level was associated with À 0.99% (95% CI, À 1.82% to À 0.14%), À 7.36% (95% CI, À 9.40% to À 5.28%), and À 4.61% (95% CI, À 6.75% to À 2.42%) decrease in SDNN, pNN50, and HF, respectively, and 4.00% (95% CI, 1.91-6.14%) increase in LFHFR, the effects became insignificant at low noise level such as HF changed by À 1.03% (95% CI, À 3.80% to 1.81%) (P40.05). Per 1 mg/m 3 increment in BC (1-h moving average) at high noise level was associated with À 3.44% (95% CI, À 5.38% to À 1.45%) decrease in pNN50, and À 2.59% (95% CI, À 4.43% to À 0.72%) decrease in HF, whereas the effects became weaker at low noise level with À 1.74% (95% CI, À 3.21% to À 0.25%) and À 2.20% (95% CI, À 3.56% to À 0.81%) decrease in pNN50 and HF, respectively. Effects modification was similar in CO exposure, the effects of CO exposure were stronger at high noise level, per 1 p.p.m. increment in CO (5-min moving average) was associated with À 1.60% (95% CI, À 3.08% to À 0.10%) decrease in HF, while only À 1.20% (95% CI, À 2.24% to À 0.15%) decrease was observed at low noise level. 
DISCUSSION
In this study, we assessed the effects of simultaneous exposure to traffic-related air pollutants and noise on HRV for the first time.
We found that evaluated traffic-related air pollutants and noise exposure were both associated with changes in cardiac autonomic function. Furthermore, the effects of air pollutants were amplified at high noise level. These results indicated that noise should be considered when exploring the cardiovascular effects related to traffic exposure. Indices of HRV is thought to reflect the heart's ability to adapt to changing circumstances and unpredictable stimulus by regulation of the autonomic nerves system. In the time domain indices, SDNN reflects the whole level of HRV, while pNN50 primary shows the regulation of parasympathetic nerves on heart. In the frequency domain indices, HF power primarily reflects parasympathetic influence, whereas LF power reflects both sympathetic and parasympathetic influences, and LFHFR represents the relative balance between sympathetic and parasympathetic tones. 20 In general, our findings suggested declined level of HRV (decreased SDNN) and imbalanced cardiac autonomic function, which is reflected by decreased parasympathetic modulation (decreased pNN50 and HF) and increased sympathetic activity (increased LFHFR) in response to traffic-related air pollutants. Because the autonomic nervous system is responsible for regulating the electrical control of heart, decreased HRV and sympatheticparasympathetic imbalance have important clinical significances as they may result in electrical instability and cardiac arrhythmia. Many investigations have demonstrated such instability as a risk factor for increased cardiac morbidity and mortality. [21] [22] [23] Thus, the results of our study suggested that parasympathetic withdrawal and sympathetic activation is a possible mechanism through which traffic-related air pollutants affect the cardiovascular function. These results were consistent with previous studies, which reported imbalanced cardiac autonomic function associated with traffic-related air pollution. 6, 7, 24, 25 The results of our study also showed that the pattern of percent changes in HRV indices varied according to different air pollutants at different time lags. For example, increment in PM 2.5 was associated with decline in pNN50 at 5-min moving average, and the effects became attenuated over time. There was also a negative association between BC increment and change in pNN50. However, the lag effects of BC on pNN50 showed an enhanced trend. PM 2.5 is composed of a mixture of various components from different sources, and BC is an important indicator of particles mainly from exhaust emissions of dieselpowered vehicles, 26, 27 thus our results indicated that various components of particulate matter may act differently on HRV. In previous studies, heterogeneous effects of PM 2.5 on HRV have been reported, 28, 29 and different components of PM 2.5 are considered to be the responsible factors. To explore the specific components responsible for the adverse cardiovascular effects associated with PM 2.5 , it is important to investigate the effects of various components from different sources.
Among the various components of particulate matter, BC has been suggested as a better indicator of traffic particles than undifferentiated particulate matter and has caused much attention. 26 Many epidemiological studies it have reported associations between BC exposure and adverse cardiovascular effects, such as imbalanced cardiac autonomic function, depression of STsegment, and increase of blood pressure and inflammation markers, 4, 24, 27, 30, 31 but the ranges of BC concentrations in these studies were much narrower compared with that in our study. Thus, our results provide new evidence for the short-term cardiac effects of acute exposure to BC with drastic variation.
Nowadays, traffic noise is considered as an important environment pollutant and has caused much concern. Exposure to traffic noise was associated with increased risk for cardiovascular diseases, such as positive associations with myocardial infarction and hypertension. [32] [33] [34] Influence on autonomic nervous system is also considered as one of the pathways that noise exposure affects the cardiovascular system. 8 Our study found that traffic noise was significantly associated with changes in HRV. The decrease of pNN50, HF, and increase of LFHFR indicated cardiac parasympathetic withdraw and sympathetic activation. These results were consistent with a study conducted in Netherlands, which also showed that habitual traffic noise exposure at home reduced the cardiac parasympathetic tone. 9 As traffic-related air pollutants and noise both have influence on HRV, and they coexist in traffic environment, it's more reasonable to consider these two exposures when exploring the cardiovascular effects of traffic exposure. 10, 35 However, interactions between traffic-related air pollutants and noise on HRV have not been reported previously. In this study, we explored the impacts of noise on the associations between traffic-related air pollution and HRV for the first time. We found that the effects of traffic-related air pollutants became stronger at high noise level, which indicated that traffic-related air pollutants and noise may interact synergistically to affect HRV. Given that the growth in vehicle numbers is likely to increase levels of both the trafficrelated air pollutants and noise, such an interaction may have important meaning for public health. As traffic jam is extremely common during the urbanization process, noise levels increase with the elevated concentrations of traffic-related air pollutants, the imbalance of cardiac autonomic function related to traffic air pollution exposure will be worsen in the presence of high noise level, thus the risk of cardiovascular events, such as arrhythmia, coronary heart disease, and hypertension will increase. Interactions between traffic-related air pollutants and noise also indicated that the concentrations of air pollutants and the levels of noise both should be controlled to reduce the cardiovascular risk of traffic exposure.
Biological mechanisms for the observed effect modification by noise are very complex, because cardiovascular causal pathways for both traffic-related air pollution and noise are not fully understood and the biological reactions are complicated. It is generally believed that traffic noise disturbs activities and communication, causing annoyance. In some cases, annoyance may lead to stress response. 8 It's possible that the stress response increases the sensitivity of the cardiovascular system to trafficrelated air pollutants.
In the present study design, marked differences in the air pollutants' concentrations and noise levels in the traffic center and in the park provide a good opportunity to explore whether shortterm exposure in traffic has acute effects on cardiac autonomic function in young healthy population. Meanwhile, repeated measurement of the same subject reduces bias from unmeasured factors, and personal exposure data minimize the exposure error. Furthermore, compared with controlled, chamber exposure studies, which set the conditions of traffic exhaust exposure to explore their effects on HRV, 36, 37 the results of our study may have more valuable implications for the development of strategies to prevent adverse cardiovascular effects. Because accurate simulation of the natural exposure environment in a controlled chamber is difficult but we assessed the effects of traffic exposure on HRV in natural exposure environments experienced by the general population. Furthermore, as the participants in this study were all young, healthy volunteers who were non-smokers, we can exclude confounding from smoke, disease status, and medication.
This study also has several limitations. First, other gaseous traffic-related air pollutants such as nitrogen oxides, sulfur dioxide and ozone, which may also contribute to adverse cardiovascular outcomes, were not measured. Second, we only measured levels of noise, other characteristics of noise such as frequency, complexity of sound, which may also have effects on HRV, were not taken into account. Influence of these factors should be taken into consideration in future studies.
In conclusion, our study provides the evidence that both trafficrelated air pollutants and noise are associated with cardiac autonomic dysfunction, which may increase the risk for cardiovascular events. Furthermore, effects of air pollutants are amplified at high noise level. These findings imply that it is important to control and reduce both traffic-related air pollutants and noise to minimize the cardiovascular risks related to traffic exposure.
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